Although the activity of the translation initiation factor eIF4F is regulated in part by translational repressors (4E-BPs) that prevent incorporation of eIF4E, the cap-binding protein, into the initiation complex, the contribution of eIF4E phosphorylation to translational control remains controversial. Here, we demonstrate that the herpes simplex virus-1 (HSV-1) ICP0 gene product, a multifunctional transactivator of viral gene expression with ubiquitin E3 ligase activity that is important for vegetative replication and reactivation of latent infections, is required to stimulate phosphorylation of eIF4E as well as 4E-BP1, and promote assembly of eIF4F complexes in infected cells. Furthermore, 4E-BP1 is degraded by the proteasome in an ICP0-dependent manner, establishing that the proteasome can control 4E-BP1 steady-state levels. Preventing eIF4E phosphorylation by inhibiting the eIF4E kinase mnk-1 dramatically reduced viral replication and the translation of viral polypeptides in quiescent cells, providing the first evidence that phosphorylation of eIF4E by mnk-1 is critical for viral protein synthesis and replication. Thus, in marked contrast to many viruses that inactivate eIF4F, HSV-1 stimulates eIF4F complex assembly in quiescent, differentiated cells; moreover, this is important for viral replication, and may be crucial for HSV-1 to initiate its productive growth cycle in resting cells, such as latently infected neurons.
As obligate intracellular parasites, viruses are dependent on the translational machinery of the host. To ensure their translation, viral mRNAs must effectively compete with host mRNAs for access to limiting amounts of translation initiation factors. Although a variety of strategies resulting in impaired translation of host mRNAs and enhanced synthesis of viral polypeptides have been described for several viruses (for review, see Schneider and Mohr 2003) , relatively little is known about how herpesviruses interact with the cellular translation machinery.
Herpes simplex virus-1 (HSV-1), a large, DNA virus containing at least 80 open reading frames (ORFs), establishes life-long latent infections in sensory neurons that periodically "reactivate," leading to episodes of productive viral growth (for review, see Roizman and Knipe 2001) . Throughout the course of these lytic replication cycles, initiating in neurons and subsequently spreading to the epithelial cells they innervate, the virus reprograms the infected host cell to produce viral polypeptides. To accomplish this, HSV-1 must both seize control of the cellular translational machinery and inhibit a global host response aimed at inactivating key components of the protein synthetic apparatus.
Although two known viral gene products, acting at different stages of the HSV-1 lifecycle, facilitate the abundant synthesis of viral proteins by preventing the cellular antiviral response from inactivating the translation initiation factor eIF2, host polypeptide synthesis is dramatically impaired (Mulvey et al. 2003) . The shutoff of host protein synthesis is complex, and is thought to result from a reduction in the transcription of host genes (for review, see Roizman and Knipe 2001) , the inhibition of host RNA splicing (Sciabica et al. 2003) , and the destabilization of mRNA by the viral vhs gene product (Elgadi et al. 1999; Everly et al. 2002) . Although vhs does not discriminate between viral and cellular RNA, its selectivity for mRNA molecules is mediated through an association with eIF4H, which, in turn, stimulates eIF4A, a component of the eIF4F initiation complex (Feng et al. 2001) .
The translation initiation factor eIF4F (for review, see Gingras et al. 1999 ) is a complex of cellular polypeptides whose core is composed of the cap-binding protein (eIF4E), a large scaffolding subunit (eIF4G isoforms 1 or 2), and an RNA helicase (eIF4A). In addition, eIF4B or eIF4H stimulate the activity of eIF4A, functioning as processivity factors for the helicase (for review, see Rogers et al. 2002) . Because this complex binds capped mRNA and recruits 40S ribosomal subunits bound to eIF3, it is a prime target for regulating translation initiation. Depending on their abundance, a family of small eIF4E-binding proteins (4E-BPs) can sequester eIF4E in a phosphorylation-dependent manner (for review, see Gingras et al. 2001) . In their hypophosphorylated form, 4E-BPs inhibit cap-dependent translation. Hyperphosphorylation of the 4E-BPs by the mTOR kinase in response to a variety of environmental cues results in the release of eIF4E, allowing the cap-binding protein to associate with eIF4G and assemble an active eIF4F complex. In addition, the cap-binding protein eIF4E is phosphorylated by the eIF4G-associated kinase mnk-1 (Fukunaga and Hunter 1997; Waskiewicz et al. 1997 Waskiewicz et al. , 1999 Pyronnet et al. 1999; Scheper et al. 2001) . Presently, however, although some reports claim to correlate increased translation rates with eIF4E phosphorylation (Bonneau and Sonenberg 1987; Huang and Schneider 1991; Boal et al. 1993; Morley et al. 1993; Beretta et al. 1998; Pyronnet et al. 2001; Takei et al. 2001; Dyer et al. 2003) , other studies have been unable to demonstrate any effects of eIF4E phosphorylation on translation (Knauf et al. 2001; McKendrick et al. 2001; Morley and Naegele 2002) . As HSV-1 transcripts are capped, we sought to investigate the effects of viral infection on the components of the eIF4F complex.
Although infection with numerous RNA or DNA viruses results in impaired eIF4F function, we now demonstrate that HSV-1 infection stimulates rapid phosphorylation of eIF4E and 4E-BP1, enhancing the assembly of active eIF4F complexes. These alterations to the eIF4F complex require the ICP0 gene product, a critical viral regulatory protein that is important for productive viral growth and efficient reactivation of latent infections. Preventing eIF4E phosphorylation by inhibiting mnk-1, the cellular eIF4E kinase, significantly reduced HSV-1 mRNA translation and viral replication in quiescent, primary human cells. Furthermore, following its phosphorylation by the cellular mTOR kinase, steadystate levels of 4E-BP1 were also reduced during infection in an ICP0-dependent manner. The proteasome inhibitor, MG132, prevented the reduction in 4E-BP1 levels, demonstrating that the proteasome can regulate the stability of the 4E-BP1 translational repressor. Together, these findings suggest that activating the translation machinery is critical for efficient viral growth in resting cells such as neurons, which harbor latent virus, and terminally differentiated epithelial cells. Viral functions responsible for stimulating the cellular translation machinery may be worth considering as targets for the development of new antiviral agents.
Results

Steady-state levels of eIF4F components are not altered following HSV-1 infection
To begin characterizing the effects of HSV-1 infection on the eIF4F complex (Fig. 1A) , the steady-state levels of the individual components, eIF4G, eIF4A, and eIF4E, in infected cells were evaluated by immunoblotting. Figure  1B demonstrates that no significant alterations in levels of the eIF4F components were observed through a 16-h time course. This includes time points late in the infectious program where viral proteins are predominately synthesized while host protein synthesis is significantly impaired (Mulvey et al. 2003) . Thus, the inhibition of host protein synthesis observed in HSV-1 infected cells does not involve alterations to the steady-state levels of the individual eIF4F components.
Stimulation of eIF4E phosphorylation in HSV-1-infected cells
As the overall quantity of eIF4E, eIF4G, and eIF4A remained unchanged following infection with HSV-1, the effect of viral infection on eIF4E phosphorylation was The translation initiation factor eIF4F is composed of the cap-binding protein eIF4E, the eIF4A RNA helicase, and the large scaffolding protein eIF4G. The 40S ribosome subunit is recruited to the 5Ј-end of the mRNA through an interaction between eIF4G and eIF3. eIF4E is phosphorylated by the cellular eIF4G-associated kinase mnk-1. The 4E-BP family of repressor proteins binds eIF4E in resting cells, preventing its incorporation into the eIF4F complex. Upon phosphorylation by the mTOR kinase, the eIF4E-4E-BP1 complex is dissolved, releasing free eIF4E. (B) Whole-cell lysates from either mock-infected or HSV-1-infected (MOI = 10) U373 cells were prepared at various times postinfection. The samples were fractionated by SDS-PAGE and transferred to a membrane, which was subsequently cut into strips and probed with the indicated antibodies.
investigated. To examine eIF4E phosphorylation in response to HSV-1 infection, lysates from mock-infected or HSV-1-infected cells were fractionated by isoelectric focusing (IEF), as phosphorylated eIF4E exhibits reduced mobility under these conditions, and analyzed by immunoblotting. In primary human cells and a variety of established cell lines, HSV-1 infection resulted in the increased accumulation of phosphorylated eIF4E as early as 6 h postinfection, reaching peak levels at ∼8 h postinfection ( Fig. 2A) .
Whereas the cellular kinase mnk-1 is responsible for phosphorylating eIF4E, mnk-1 can be activated by either the ERK or p38 kinases (Fukunaga and Hunter 1997; Waskiewicz et al. 1997; Wang et al. 1998 ). p38 was reported to be activated following infection of either murine 3T3 cells or human U2OS osteosarcoma cells with HSV-1, and no change was observed in ERK activity in a variety of established cell lines (McLean and Bachenheimer 1999; Zachos et al. 1999) . To determine which of these kinases was active in primary human cells infected with HSV-1, total cellular protein, isolated from uninfected and infected cells, was fractionated by SDS-PAGE and analyzed by immunoblotting. Although phosphorylated ERK was only detected in uninfected cells, phosphorylated p38 was observed exclusively in HSV-1-infected cells (Fig. 2B) . Contrary to the findings in established cell lines that display measurable, but unchanged levels of ERK activity following HSV-1 infection (McLean and Bachenheimer 1999), we do not detect any activated ERK following infection of primary cells. In fact, phosphorylated ERK levels actually drop significantly; suggesting that HSV-1 infection efficiently switches the kinase responsible for activating mnk from ERK to p38. Moreover, the p38 inhibitor SB203580 prevented phosphorylation of eIF4E in primary human cells infected with HSV-1, whereas PD98059, an inhibitor of ERK activation, did not (Fig. 2C) . Importantly, the mnk-1 inhibitor CGP57380 prevents eIF4E phosphorylation as well (Fig. 8A, below) . Identical results were obtained in NHDF cells, an independent strain of primary human fibroblasts (data not shown). Thus, given that HSV-1 infection activates p38 and down-regulates ERK, eIF4E phosphorylation results from the activation of p38, which, in turn, stimulates the eIF4E kinase mnk-1.
Phosphorylation of 4E-BP1 results in its degradation by the proteasome in HSV-1-infected cells
When present in sufficient quantities, the cellular 4E-binding proteins (4E-BPs) in their hypophosphorylated form can sequester eIF4E and regulate its availability (for review, see Gingras et al. 2001) . To evaluate the state of 4E-BP1 phosphorylation in HSV-1-infected cells, phosphorylated 4E-BP1 isoforms present in lysates prepared from mock-or HSV-1-infected cells were fractionated by SDS-PAGE in 17.5% gels and visualized by immunoblotting. Following infection of either primary human cells or several established cell lines with HSV-1, slower migrating, hyperphosphorylated forms of 4E-BP1 accumulated, and their appearance was blocked by rapamycin, an inhibitor of the cellular mTOR kinase. (Fig. 3) . Thus, in addition to inducing eIF4E phosphorylation, HSV-1 infection results in hyperphosphorylation of 4E-BP1. Moreover, 4E-BP1 steady-state levels appear to undergo a significant decrease upon infection (Fig. 3B) .
To compare levels of 4E-BP1 present in infected versus uninfected cells, total protein samples were fractionated in 7.5% polyacrylamide gels. Under these conditions, the multiple phosphorylated isoforms are not resolved and a reduction in 4E-BP1 steady-state levels is clearly observed (Fig. 3C) . In contrast, the overall amount of eIF4A remains relatively unchanged (Fig. 3C) . Treatment of infected cells with either the mTOR inhibitor rapamycin or the proteasome inhibitor MG132 prevented the reduction in 4E-BP1 levels following HSV-1 infection. Moreover, the reduction in 4E-BP1 overall levels cannot be caused by the selective destruction of the hypophos- phorylated forms of 4E-BP1, as these forms accumulate in infected cells treated with rapamycin ( Fig. 3B ). This establishes that the observed reduction in 4E-BP1 steadystate levels occurs as a result of 4E-BP1 phosphorylation followed by proteasomal degradation. This is the first demonstration that upon phosphorylation, the translational repressor 4E-BP1 becomes a substrate for the proteasome.
Stimulation of eIF4F complex assembly in quiescent cells infected with HSV-1
As both eIF4G and the translational repressor 4E-BP1 both bind to the same surface of eIF4E, release of 4E-BP1 is required to promote the assembly of active eIF4F complexes on the 5Ј-end of capped mRNAs (Haghighat et al. 1995; Mader et al. 1995; Marcotrigiano et al. 1999) . The differential association of these factors with eIF4E can be evaluated by batch chromatography of cell-free lysates on 7-methyl GTP Sepharose followed by immunoblotting to identify the various bound polypeptides. In an asynchronously growing population, little change is detected in the overall levels of eIF4E and eIF4G capable of associating with the affinity resin upon infection with HSV-1, whereas the translational repressor 4E-BP1 is released and is no longer detected in the fraction bound to the resin (Fig. 4A ). 4E-BP1 is retained on the beads in the presence of rapamycin, presumably because inhibiting mTOR prevents 4E-BP1 phosphorylation and allows its continued association with eIF4E ( Fig. 4A ). In cells growth-arrested by serum starvation, while similar quantities of eIF4E and hypophosphorylated 4E-BP1 remain associated with the resin, the overall amount of eIF4G present is dramatically reduced relative to the amount detected in complexes isolated from unstarved cells (Fig. 4B ). This is consistent with the reduction of eIF4F activity and translation rates observed in quiescent cells (Stanners and Becker 1971; Thomas and Gordon 1979; Thomas et al. 1981; Thomas and Thomas 1986) . Following infection with HSV-1, the 4E-BP1 repressor is released from eIF4E and a sharp increase in the amount of eIF4G associated with eIF4E is observed, suggesting that HSV-1 encodes a function that promotes the assembly of active eIF4F complexes in resting cells as the overall levels of eIF4G remain unchanged (Fig. 4B ). Enhanced assembly of eIF4F complexes was also observed in the presence of the p38 inhibitor SB203580 or the mnk-1 inhibitor CGP57380, both of which prevent eIF4E phosphorylation ( Fig. 4C) , and is consistent with other reports demonstrating that inhibiting eIF4E phosphorylation does not alter the recovery of eIF4G in the eIF4F complex (Morley and Naegele 2002) . This likely reflects that eIF4E is phosphorylated by mnk-1 once assembled into the eIF4F complex (Tuazon et al. 1990; Pyronnet et al. 1999) . Furthermore, treatment of infected cells with rapamycin prevents the phosphorylation of 4E-BP1 and its release from eIF4E but does not completely abrogate the ability of eIF4E to associate with eIF4G ( Fig. 4B ). This suggests that 4E-BP1 is not present in sufficient quantities to sequester all of the available eIF4E. It is therefore unlikely that the relief of 4E-BP1-mediated repression plays a dominant role in stimulating translation following infection of quiescent, primary human cells with HSV-1. Similar conclusions regarding the abundance of 4E-BP1 have been reached in other biological systems (Feigenblum and Schneider 1996; Morley and McKendrick 1997; Cuesta et al. 2000a ).
Phosphorylation of eIF4E and 4E-BP1 and degradation of 4E-BP1 require viral gene expression
To begin defining the point in the viral lifecycle at which eIF4E and 4E-BP1 are phosphorylated, phosphonoacetic acid (PAA) was used to inhibit viral DNA synthesis, blocking progression into the late phase of the infection (Fig. 5A ). Figure 5B demonstrates that p38 is activated, and eIF4E and 4E-BP1 are both phosphorylated in infected cells treated with PAA, suggesting that these modifications are induced at earlier times in the viral replicative program. The failure of the Us11 protein, a viral late protein whose expression is dependent on viral either treated with rapamycin or untreated were used. (C) Total protein from mock-and HSV-1-infected NHDF cells (MOI = 10; 9 h postinfection) treated with either rapamycin or MG132 or untreated was fractionated by SDS-PAGE in 7.5% gels (which do not resolve phosphorylated 4E-BP1 isoforms), and the steadystate levels of 4E-BP1 and eIF4A (loading control) were evaluated by immunoblotting. Ab1 and Ab2 refer to two independent preparations of anti 4E-BP1 polyclonal antisera. eIF4E phosphorylation and HSV-1 growth
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Cold Spring Harbor Laboratory Press on September 6, 2017 -Published by genesdev.cshlp.org Downloaded from DNA synthesis, to accumulate in PAA-treated cells attests to the effectiveness of this treatment (Fig. 5B) . Entry of the virus into cells, however, was not sufficient to trigger phosphorylation of eIF4E and 4E-BP1, as UV-inactivated virus was unable to promote these modifications (Fig. 5A,C) . Activation of p38, the kinase responsible for stimulating the eIF4E kinase mnk-1 in HSV-1-infected cells, was also not observed in cells infected with UV-inactivated virus (Fig. 5C ). Furthermore, because UV-inactivated virus can deposit functional virion components into infected cells (Fig. 5A) , the presence of these virion components appears not to be sufficient to stimulate modification of eIF4E and 4E-BP1.
To rule out the possibility that UV treatment somehow damaged the virus preparation, we made use of a temperature-sensitive mutant, tsB7(B). As tsB7(B) virions can enter cells but are defective in uncoating at 39.5°C, the viral DNA cannot enter the nucleus ( Fig. 5A ; Batterson et al. 1983) . Although the tsB7 strain stimulates eIF4E and 4E-BP1 phosphorylation at 33.5°C, it does not promote phosphorylation of these factors at 39.5°C (Fig.  6A) . Phosphorylation of eIF4E and 4E-BP1 occurs at both temperatures in cells infected with wild-type HSV-1, although the magnitude of eIF4E phosphorylation is somewhat reduced at 39.5°C (Fig. 6A ). In addition, 4E-BP1 degradation occurs at 33.5°C, but not 39.5°C (Fig. 6B) .
Thus, phosphorylation of eIF4E and 4E-BP1 and the degradation of 4E-BP1 occur early in the viral lifecycle and require the delivery of viral DNA into the nucleus. This suggests that viral gene expression is required.
Following infection of a cell that supports lytic replication, 5 HSV-1 immediate-early (IE) mRNAs are produced (for review, see Roizman and Knipe 2001) . One of these RNAs encodes the ICP0 gene product. In addition to its role as a promiscuous transactivator of viral gene expression, the ICP0 protein contains an intrinsic E3 ubiquitin ligase activity, and associates with ND-10 structures, whereupon it promotes their disassembly (Van Sant et al. 2001; Boutell et al. 2002 ; for review, see Everett 2000) . As the ICP0 protein has an established role in promoting protein degradation and was expressed early in the viral lifecycle, we investigated if the degradation of 4E-BP1 depended on ICP0 in HSV-1-infected cells. Primary human cells were mock-infected or infected with either an ICP0 mutant virus (7134), or a virus in which the mutant ICP0 allele was repaired (7134R). Total protein isolated from each sample was fractionated by SDS-PAGE in 7.5% gels and analyzed by immunoblotting with 4E-BP1 and eIF4A antibodies, the latter confirming that equal protein amounts were loaded in each lane. Figure 7A demonstrates that 4E-BP1 steadystate levels are unaffected following infection with an ICP0 mutant virus, whereas cells infected with a virus in which the ICP0 mutation was repaired efficiently degrade 4E-BP1. This establishes that the degradation of 4E-BP1 observed in HSV-1 infected cells requires the ICP0 gene. Furthermore, eIF4E phosphorylation, p38 activation, and 4E-BP1 phosphorylation in infected cells were all dependent on a wild-type ICP0 allele as well (Fig. 7B) . Finally, analysis of eIF4E-associated proteins by batch adsorption to 7-methyl GTP Sepharose revealed that 4E-BP1 remains associated with eIF4E in lysates prepared from cells infected with an ICP0 mutant, and an increase in the amount of eIF4G present in the fraction bound to the resin was not observed (Fig. 7C ). In contrast, extracts prepared from cells infected with a virus in which the ICP0 mutation was repaired did not contain detectable amounts of 4E-BP1 in the bound fraction and exhibited an increase in the overall amount of eIF4G bound to eIF4E (Fig. 7C) . This establishes that ICP0 mutants are unable to promote the assembly of active eIF4F complexes, raising the possibility that eIF4E phosphorylation is important for proper translational regulation and viral growth.
The activity of mnk-1, an eIF4E kinase, is required for efficient HSV-1 replication in quiescent human cells
It has been well established that ICP0 mutant viruses are growth impaired in a variety of cultured cells at low doses of input viral particles (Stow and Stow 1986; Sacks and Schaffer 1987) . Having just determined that phosphorylation of eIF4E and 4E-BP1 in infected cells depended on the ICP0 gene product, we proceeded to evaluate the importance of eIF4E and 4E-BP1 phosphorylation on the productive growth of HSV-1 by measuring viral replication in the presence and absence of SB203580, CGP57380, and rapamycin. At the doses tested, these compounds had no obvious effects on cell number and did not result in any observable cytopathic effect on the cells used in these experiments (D. Walsh and I. Mohr, unpub.) , but were effective in preventing detectable eIF4E phosphorylation (SB 203580, CGP57380) or 4E-BP1 phosphorylation (rapamycin) in HSV-1-infected cells (Fig. 8A) . Primary human cells were serum-starved for 72 h, such that >98% of the cells were in the G 1 phase of the cell cycle as revealed by propidium iodide staining fol- After fusion of the virion envelope with the plasma membrane, the HSV-1 nucleocapsid travels to the nuclear pore complex, and viral genomic DNA is released into the nucleus. Viral immediate early (IE) genes, primarily encoding transactivators of early (E) genes, are expressed first, whereas early gene products are mostly involved in viral DNA replication. Expression of a subclass of viral late genes (L) depends on viral DNA replication and is blocked by PAA. At 39.5°C, the tsB7(B) mutant is unable to deliver the viral genome into the nucleus, preventing expression of all viral genes (ts). Although capable of entering cells, UV-irradiated virus is also unable to express viral genes. (B) NHDF cells were either mock infected (M) or infected (Inf) with wild-type (WT) HSV-1 (MOI = 10) in the absence or presence of 300 µg/mL PAA. After 8 h, total protein was isolated, fractionated by SDS-PAGE or IEF (eIF4E phosphorylation), and analyzed by immunoblotting with the indicated antibodies. (C) U373 cells were either mock infected, infected (MOI = 10) with wild-type HSV-1 (WT), or infected with UV-inactivated HSV-1 (UV). At the indicated times following infection, total protein was isolated and fractionated by IEF or 17.5% SDS-PAGE and analyzed by immunoblotting with the indicated antisera.
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Cold Spring Harbor Laboratory Press on September 6, 2017 -Published by genesdev.cshlp.org Downloaded from lowed by flow cytometry (Fig. 4) , and subsequently infected with wild-type HSV-1. After allowing for multiple viral replication cycles over the course of 5 d, a cell-free lysate was prepared by freeze thawing, and the amount of infectious virus produced was titered in Vero cells. A 10 3 -fold reduction in the amount of virus recovered from cultures treated with SB203580 was observed, demonstrating that activation of p38 is required for efficient replication of HSV-1 in quiescent primary human cells (Fig. 8B) . To demonstrate that this effect was, to a large extent, due to inhibition of the downstream kinase mnk-1, the experiment was repeated using the specific mnk-1 inhibitor CGP57380. Under these conditions, the amount of virus recovered from CGP57380 treated cultures was reduced by a factor of 10 2 -fold relative to mock-treated cultures, establishing that activity of the eIF4E kinase mnk-1 is required for efficient viral replication in quiescent, primary human cells (Fig. 8B) . The 10-fold greater inhibition observed with SB203580 suggests that activated p38 might be required for additional functions independent of mnk-1 activation. Preventing 4E-BP1 phosphorylation with rapamycin, however, only resulted in a 50% decrease in viral yield and was not deemed significant (Fig. 8B) . This is consistent with our findings that 4E-BP1 is not present in quantities sufficient to completely prevent eIF4G from associating with eIF4E (Fig. 4B) , and therefore is unable to extinguish the translation of viral mRNAs in these primary human cells. Phosphorylation of eIF4E is therefore important for viral replication in quiescent cells, and is required to enhance viral growth at low input doses of virus.
To determine if decreased viral translation rates correlate with the observed reduction in viral replication, serum-starved cells treated with SB203580, CGP57380, rapamycin, or a solvent control (DMSO) were infected with HSV-1 at different input doses of virus and metabolically labeled for 1 h with 35 S methionine and cysteine at 14 h postinfection. To distinguish virus-specific polypeptides from the enormous excess of host proteins in cultures that were infected with the lowest input dose of virus (multiplicity of infection [MOI] = 0.01), viral proteins were immunoprecipitated from whole-cell lysates using anti-HSV-1 polyclonal antisera prior to SDS-PAGE. This IP step was not necessary for cultures infected with higher input doses of virus because the majority of cells are infected, and HSV-1 effectively inhibits host translation. Consistent with the observed reduction in viral replication, compounds that blocked eIF4E phosphorylation exhibited the strongest reduction in translation rates (Fig. 8B) . Strikingly, however, the reduction in translation rates caused by SB203580 and CGP57380 di- minished as the dose of input virus increased over a 100-fold range. Although the greatest reduction in translation rates was observed at a MOI of 0.01 and some effects of the compounds were discernible at MOI = 1, we were unable to detect a reduction in viral translation rates in cells infected at MOI = 10 despite the fact that SB203580 and CGP57380 were effective at preventing eIF4E phosphorylation and rapamycin abrogated 4E-BP1 phosphorylation (Fig. 8A,C) . Thus, eIF4E phosphorylation is required to enhance viral translation rates at low input doses of virus, but this requirement can be effectively bypassed when infections are performed using high input doses of virus. Phenotypes dependent on the multiplicity of infection are common among viruses deficient in a key regulatory protein, like the HSV-1 ICP0 or Adenovirus E1a polypeptides, which are required for replication only at relatively low levels of input viral genomes (Nevins 1981; Stow and Stow 1986; Sacks and Schaffer 1987) . Furthermore, the reduction in HSV-1 translation rates observed in quiescent cells infected with low doses of virus and treated with agents that block eIF4E phosphorylation correlates with the observed effects of these same compounds in inhibiting viral replication. Importantly, although the reduction in translation rates is smaller than the corresponding decrease in replication, any relevant comparison must take into account that the replication assay reflects multiple cycles of viral growth, and therefore can compound the effects observed in the course of each growth cycle into very large differences. Rates of translation, on the other hand, were measured during a 1-h window within a single cycle of growth.
Discussion
As part of their strategy to commandeer the cellular translational machinery, several viruses effectively hinder host protein synthesis by inhibiting the activity of the translation initiation factor eIF4F (for review, see Schneider and Mohr 2003) . Here, we demonstrate that infection with HSV-1 results in the phosphorylation of S amino acids at 14 h postinfection, cell-free lysates were prepared and either immunoprecipitated with anti-HSV-1 antisera (MOI = 0.01) followed by SDS-PAGE, or directly analyzed by SDS-PAGE (MOI = 1 and 10). 
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Cold Spring Harbor Laboratory Press on September 6, 2017 -Published by genesdev.cshlp.org Downloaded from eIF4E, the cap-binding component of eIF4F, and the translational repressor 4E-BP1, enhancing the assembly of eIF4F complexes. In addition to stimulating the eIF4E kinase mnk-1, whose activity is critical for efficient translation of HSV-1 mRNAs and viral replication in quiescent, primary human cells, HSV-1 promotes phosphorylation of the translational repressor 4E-BP1 and its degradation by the cellular proteasome. This is the first demonstration that phosphorylation of eIF4E by the kinase mnk-1 can play a critical role to promote viral replication and establishes that the proteasome can control the steady-state levels of 4E-BP1. The modifications of eIF4E and 4E-BP1 that occur in HSV-1-infected cells require the viral immediate-early ICP0 gene product, a multifunctional regulatory protein that promotes vegetative viral replication and enhances reactivation from latency. This mobilization of the translation machinery may play a critical role in the ability of a latent virus to reenter the vegetative growth cycle and produce viral polypeptides in resting cells such as neurons.
After establishing a latent infection in neurons, HSV-1 periodically replicates productively in neurons and terminally differentiated epithelial cells (for review, see Roizman and Knipe 2001) . Our studies suggest that the virus has the ability to mobilize the translational machinery in quiescent cells, ensuring that its mRNAs are translated efficiently. This activity is critical at low input doses of virus, a physiologically relevant condition that occurs when productive replication initiates in a latently infected neuron. Interfering with the eIF4E kinase mnk-1 significantly reduced viral yield and diminished viral translation rates in quiescent, primary human cells infected with low input doses of virus, illustrating the importance of this pathway to productive viral replication. The viral gene(s) responsible for promoting phosphorylation of eIF4E and 4E-BP1 might therefore be critical for pathogenesis. Consistent with this possibility, ICP0 mutant viruses are deficient in their ability to reactivate from the latent state (Cai et al. 1993; Halford and Schaffer 2001) . In cultured cells, the ICP0 gene product is required for viral replication following low multiplicity infections, but is dispensable for growth following high multiplicity infections (Stow and Stow 1986; Sacks and Schaffer 1987) , revealing a striking parallel with the multiplicity-dependent effects displayed by the eIF4E kinase inhibitors. At high MOIs, the larger number of genomes delivered per infected cell bypasses the need for ICP0 function, and viral gene expression proceeds in the absence of the ICP0 protein under these conditions. Likewise, at high MOIs, preventing eIF4E phosphorylation has little effect on translation, possibly reflecting the fact that the ICP0 protein is not required for gene expression under these conditions. Perhaps the amount of viral mRNA produced by a large number of input genomes per cell at high MOIs might be sufficient such that the requirement for eIF4E phosphorylation is now obviated.
The ICP0 gene encodes an important viral regulatory protein with multiple activities (for review, see Everett 2000) . Whereas the ICP0 gene product is clearly required for eIF4E and 4E-BP1 phosphorylation in HSV-1-infected cells, it might achieve this end by directly triggering the respective cellular signaling pathways involved, or by virtue of its transactivation ability induce the production of other viral gene products prior to the late stage of the growth cycle that subsequently engage p38 and mTOR. Thus, although intensive investigation is required to distinguish between these possibilities and determine which of the ∼80 known HSV-1-encoded genes, either alone or in combination, participate in this process, this study definitively establishes that the stimulation of eIF4E phosphorylation observed in HSV-1-infected cells requires the ICP0 gene product, enhancing viral translation and replication in quiescent cells.
The targeted degradation of 4E-BP1 we observe raises important questions regarding the mechanism through which this is achieved. Rapamycin inhibits the mTOR kinase, preventing 4E-BP1 phosphorylation and the release of bound eIF4E (for review, see Gingras et al. 2001 ).
Moreover, we now demonstrate that rapamycin also prevents 4E-BP1 degradation in HSV-1-infected cells. As 4E-BP1 remains associated with eIF4E in infected cells treated with rapamycin, it is conceivable that free 4E-BP1 is somehow earmarked for degradation in HSV-1-infected cells. Thus, binding to eIF4E might not only serve to prevent eIF4E from associating with eIF4G to form a functional eIF4F complex, but also may stabilize the 4E-BP1 translational repressor. Once phosphorylated, rapid degradation would ensure that cellular phosphatases are unable to dephosphorylate 4E-BP1, restoring its ability to bind eIF4E. Finally, the impairment of host protein synthesis in HSV-1-infected cells prevents the cell from reestablishing translational repression by inhibiting synthesis of new 4E-BP1 molecules. A related situation was recently described following fertilization in sea urchins, where an increase in translation correlates with 4E-BP1 phosphorylation and its subsequent degradation. However, the proteolytic pathway responsible for 4E-BP1 degradation was not identified in this study (Salaun et al. 2003) . Our work establishes that upon phosphorylation, 4E-BP1 can be degraded by the proteasome, and that 4E-BP1 phosphorylation correlates with its stability in human cells. Thus, phosphorylation, and possibly the stability of 4E-BP1, may potentially impinge on a variety of cellular processes ranging from translational control, regulation of cell growth, and transformation by retroviral oncogenes Fingar et al. 2002 Fingar et al. , 2004 Akoi and Vogt 2004) . Although the contribution of 4E-BP1 phosphorylation and degradation to HSV-1 replication was minimal because of the low abundance of 4E-BP1 relative to eIF4E in quiescent human fibroblasts, the ability of HSV-1 to relieve translational repression established by 4E-BP1 might prove to be vital for its replication in other cell types where 4E-BP1 levels exceed the amount of eIF4E.
Despite the fact that HSV-1 stimulates eIF4E phosphorylation and promotes the assembly of eIF4F complexes to enhance the synthesis of viral proteins, other factors are likely to play a role in the selective transla-tion of viral mRNAs and the impairment of host polypeptide synthesis. These include, but may not be limited to, viral functions that reduce the transcription of host genes (for review, see Roizman and Knipe 2001) , inhibit mRNA splicing (Sciabica et al. 2003) , and enhance the global turnover of both viral and cellular mRNA within the cell (Elgadi et al. 1999; Everly et al. 2002) . To date, no common cis-acting elements have been identified in HSV-1 mRNAs that are capable of fostering their preferential translation in infected cells. Although cellular mRNA pools are depleted, selective translation of viral mRNAs might simply be achieved through the sheer abundance of functional viral mRNAs, compared with cellular mRNA, continually produced in infected cells. The requirement for eIF4E phosphorylation in quiescent cells might have little to do with the impairment of host protein synthesis and everything to do with activating the translational machinery in a resting cell to maximize the translation of viral gene products.
Although it is accepted that dephosphorylation of eIF4E contributes to the inhibition of host translation observed in cells infected with Adenovirus or VSV (Cuesta et al. 2000b; Connor and Lyles 2002) , the role of eIF4E phosphorylation in general translational control remains controversial. Whereas some reports correlate eIF4E phosphorylation with rates of protein synthesis (Bonneau and Sonenberg 1987; Huang and Schneider 1991; Boal et al. 1993; Morley et al. 1993; Beretta et al. 1998; Pyronnet et al. 2001; Takei et al. 2001; Dyer et al. 2003) , other studies have questioned whether eIF4E phosphorylation is truly required for translation (McKendrick et al. 2001; Morley and Naegale 2002; Knauf et al. 2001; reviewed in Scheper and Proud 2002) . Instead, several models have been proposed suggesting that eIF4E phosphorylation, although not absolutely required for translation initiation, somehow enhances the rate with which eIF4F complexes initiate protein synthesis (Morley and Naegele 2002; . Indeed, flies containing an eIF4E allele encoding a polypeptide that cannot be phosphorylated are viable, albeit smaller than their wild-type counterparts (Lachance et al. 2002) . This latter finding clearly demonstrates that eIF4E phosphorylation is not essential for translation, but the reduced size phenotype is consistent with its playing an important biological role. Our data demonstrating that mnk-1 activity is required to enhance HSV-1 mRNA translation and viral replication in quiescent cells infected with low input doses of virus defines a situation in which eIF4E phosphorylation, while not absolutely required for translation, is critical to enhance viral translation rates and promote viral growth.
Materials and methods
Cells and viruses
293, Vero, and U373 cells were obtained from ATCC and cultured as described (Mulvey et al. 2003) . Primary human foreskin fibroblasts, FS4 (Jan Vilcek, New York University School of Medicine, New York, NY) and NHDF (Clonetics), were cultured in DMEM containing 5% (FS4) or 10% (NHDF) fetal bovine serum.
HSV-1 (wild-type strains Patton and KOS) was prepared in Vero cells. tsB7(B) (Batterson et al. 1983 ) was obtained from Bernard Roizman (University of Chicago, Chicago, IL). The ICP0 null mutant 7134 (Cai and Schaffer 1989) and the repaired 7134R virus were obtained from P. Schaffer (Harvard Medical School, Boston, MA). UV-inactivated virus was prepared by exposing 1-mL layers of virus stock in a six-well dish to six pulses of 0.12 J/cm 2 of UV light in a Stratalinker (Stratagene). One day prior to infection, cells were seeded in a six-well dish at the following densities: U373 or Vero cells (5 × 10 5 cells per well); 293 cells (1 × 10 6 cells per well); FS4 or NHDF cells (3 × 10 5 cells per well). Cells were infected the following day at an MOI of 10, unless otherwise indicated. Mock infections were performed with a cell-free lysate prepared from uninfected Vero cells. The levels of p38 activation, phosphorylated eIF4E, and phosphorylated 4E-BP1 present in cells treated with Vero cell lysates were indistinguishable from those observed in cells mock-infected with DMEM + 1% CS. Cells to be infected with the temperature-sensitive mutant tsB7(B) were seeded at half the cell densities described above 2 d prior to infection. The day before infection, cells were placed in DMEM + 2% FBS and incubated at either 33.5°C or 39.5°C and allowed to equilibrate overnight before being infected with tsB7(B) at an MOI of 3.
Antibodies and chemicals
eIF4E (catalog #E27620) and eIF4G (catalog #E46520) antibodies were obtained from BD Transduction Laboratories. Mouse monoclonal anti-eIF4A antibody was a kind gift of R. Schneider (New York University School of Medicine, New York, NY), and the anti -Us11 monoclonal antibody was generously supplied by R. Roller (University of Iowa, Iowa City, IA). 4EBP1 antibody (catalog #9452) and phospho-specific antibodies against p38 MAPK (catalog #9216) and ERK (catalog #9101) were obtained from Cell Signaling Technologies. The 4E-BP1 antibody A300-501A was from Bethyl Laboratories. Chemical inhibitors were dissolved as 1000× stocks in DMSO and used at the concentrations indicated. PD98059 (50 µM), SB203580 (10 µM), and rapamycin (100 nM) were obtained from Calbiochem; phosphonoacetic acid (300 µg/mL) was obtained from Sigma; and CGP57380 (20 µM) was a generous gift of H. Gram (Novartis Pharma, Basel, Switzerland). Cells were pretreated with inhibitors for 1 h prior to infection and then infected in the continuous presence of inhibitor.
Western blotting and isoelectric focusing
Total cellular protein was solubilized in 250 µL of sample buffer (62.5 mM Tris-HCl at pH 6.8, 2% SDS, 10% glycerol, 0.7 M ␤-mercaptoethanol), boiled for 3 min, fractionated by SDS-PAGE, and transferred to nitrocellulose. Immunoblots were processed and developed using the ECL reagent according to the manufacturer's instructions (Amersham). Vertical Slab Isoelectric Focusing (IEF) was performed as described (Morley and Pain 1995; Walsh et al. 2003) .
Analysis of eIF4E-binding proteins
Sepharose 4B and 7-Methyl GTP-Sepharose 4B (Cat # 27-5025-01) was obtained from Amersham Pharmacia Biotech. After washing with PBS, 1.5 × 10 6 cells were lysed in 1 mL of NLB (50 mM HEPES at pH 7.4, 150 mM NaCl, 2 mM EDTA, 2 mM Na 3 VO 4 , 25 mM glycerophosphate, Complete Mini protease inhibitor cocktail [Roche] , and 0.5% NP-40) and extracts clarified by centrifugation at 10,000 × g (10 min, 4°C). Supernatants precleared with Sepharose 4B (30 µL of settled bed volume for 20 min) were next incubated with 7-Methyl GTP-Sepharose 4B (50 µL of settled bed volume) for 1 h at 4°C. Pelleted beads were washed four times with 0.5 mL of NLB, and resuspended in 0.6 mL of NLB + 1 mM GTP for 1 h at 4°C. Following a final four washes with 0.5 mL of NLB, the beads were suspended in sample buffer and boiled, and the bound proteins were analyzed by SDS-PAGE and immunoblotting.
Multicycle growth experiments
NHDF cells (8 × 10
5 cells/dish) were seeded in 60-mm dishes and allowed to attach overnight. The next day, cells were washed three times in PBS and refed with DMEM + 0.2% FBS. Propidium iodide staining of cultures after 24, 48, 72, and 96 h, followed by flow cytometry, revealed that maximal growth arrest (98% of cells) was achieved after 72 h of serum starvation. Growth-arrested cells were pretreated for 1 h with SB203580, CGP57380, rapamycin, or an equal volume of DMSO and subsequently infected (MOI = 10 −4 ) with wild-type HSV-1 (Patton). After 5 d, cultures were lysed by freeze-thawing and the virus produced was quantified by plaque assay in Vero cells.
Immunoprecipitation of HSV-1 proteins
Infected cultures (1.5 × 10 6 cells) were lysed in NLB and clarified as described above. To each supernatant, precleared with normal rabbit serum and Protein A Sepharose (PAS), 10 µL (40 µg) of anti-HSV-1 antibody (Maine Biotechnology, USA; catalog no. PAB7119P) was added and the samples were incubated for 2 h at 4°C. PAS (30 µL of settled bed volume) was subsequently added, and the incubation was continued for 1 h. The beads were collected by brief centrifugation and washed three times in 0.5 mL of NLB. Immune complexes were fractionated by SDS-PAGE.
